Enrichment of Metal Ions in Virgin Si-Surfaces  by Meißner, D. et al.
 Energy Procedia  27 ( 2012 )  27 – 32 
1876-6102 © 2012 Published by Elsevier Ltd. Selection and peer-review under responsibility of the scientifi c committee of the 
SiliconPV 2012 conference.
doi: 10.1016/j.egypro.2012.07.024 
SiliconPV: April 03-05, 2012, Leuven, Belgium 
Enrichment of metal ions in virgin Si-surfaces 
D. Meißnera, S. Meyerb, O. Anspacha 
aPV Crystalox Solar, Gustav-Tauschek-Straße 2, 99099 Erfurt, Germany 
b Fraunhofer-Center für Silizium-Photovoltaik (CSP), Walter-Hülse-Straße 1, 06120 Halle, Germany 
 
Abstract 
Beside the silicon feedstock material and the crystallization process, the wafering process can strongly influence the 
material quality. Especially surface contaminations are introduced in this process step, because a virgin silicon 
surface is produced for the first time. 
In this paper the influence of different metal ion contents in the surrounding medium (PEG200) on the surface 
contamination of oxidized silicon is studied with surface extraction ICP-MS. It can be shown that metal ions are 
strongly enriched in the wafer surface. 
Investigations of different cleaning procedures show their potential to remove the surface contaminations, which is 
essential for the production of high efficiency solar cells.  
 
© 2012 Published by Elsevier Ltd. Selection and peer-review under responsibility of the scientific 
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1. Introduction 
Touching the theoretical limits in solar cell efficiency new cell concepts are discussed and intensively 
improved. Many of them are based on very clean silicon material [1]. In order to provide this high quality, 
crystallization techniques are further improved or new techniques are developed [2]. 
Nevertheless the wafering process also plays a key role determining the purity of the silicon material 
and the surface contaminations in substrates for high efficiency solar cells. In this wafering step, the 
silicon surface is bare of any oxide layer for the first time. The question arises if the virgin silicon surface 
tends to be decorated with metal ions, which would be subsequently incorporated into the freshly formed 
oxide layer. This would lead to a higher metal contamination in all subsequent processes leading to 
potentially lower lifetimes [7]. 
In this work we use surface extraction ICP-MS (SE ICP-MS) to demonstrate that after the sawing 
process the major metal impurities are located in the surface of multi-crystalline silicon wafers. We show 
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that the amount of metal ions in the surface strongly depends on their concentrations in polyethylene 
glycol (PEG200) used as sawing slurry media: an enrichment by a factor of 1000 can be observed 
comparing the concentrations in the PEG and at the wafer surface. This draws the attention to the quality 
of the PEG in the sawing process and - even more important - to the cleaning procedure used after slicing 
the wafers. 
2. Experimental methods 
2.1. Material 
All wafers investigated in this study were multicrystalline and cut with standard multi wire saws. 
2.2. Surface analysis 
Profiles of silicon oxide have been measured by time of flight secondary ion mass spectrometry (ToF-
SIMS). For this a TOFSIMS 5 instrument (iontof) has been used, equipped with a pulsed 10 keV Bi 
primary ion source. The shallow depth profiles with a maximum depth < 10 nm have been performed by 
intermittent sputtering with Cs ions. 
The metal content of the wafer surfaces was determined by surface extraction coupled to ICP-MS (SE-
ICP-MS). In this procedure the complete wafers were immersed in extraction solutions containing diluted 
HF/HNO3. After 30 minutes the extraction solutions were applied to high resolution inductively coupled 
plasma mass spectrometry to determine quantitatively the concentrations of metal ions and silicon. For a 
detailed description of the procedure see [3]. 
2.3. Sample preparation 
The influence of surface morphology (SIMS, section 3.1) and the efficiency of different cleaning 
strategies (SE-ICP-MS, section 3.3) were studied with a set of three wafers (A – C). Wafer A was 
analyzed after an aqueous cleaning procedure. Thus, it provides full saw damage as it is caused by wire 
saw. Wafer B was analyzed after an alkaline cleaning procedure, which removes the oxide layer of the 
wafer and rebuilds a new one. The latter procedure was repeated several times with wafer C. In order to 
understand the depth distribution of metallic contaminations in the wafer surface (see section 3.1), wafer 
B was afterwards analyzed a second time with SE-ICP-MS. 
The determination of metal enrichment in freshly oxidized surfaces (section 3.2) was investigated with 
4 wafers (1 – 4). They were all treated with a mixture of NaOH and a non-ionic tenside in order to 
dissolve the silicon oxide selectively (a in fig. 1). After a fast rinsing and drying step (b) the wafers were 
immersed in PEG200 containing between 0 and 5 mg/L Fe3+ (c). After 60 hours the surface was carefully 
washed with water and dried in clean air. 
Table 1 gives a summary of all samples of this study. 
 
 
 
 
 
 
 
 
Fig. 1. Preparation of oxide layers in environments with different Fe3+ content 
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Table 1. Fe3+ concentrations in PEG200 and in the corresponding wafer surfaces 
Wafer  cleaning procedure further treatment before measurement measurement 
A aqueous  - SIMS, SE-ICP-MS 
B alkaline – removal of oxide layer reconstruction of oxide layer in DI-water (10 minutes) 
SIMS,                     
SE-ICP-MS (2x) 
C see wafer B. repeated process SIMS, SE-ICP-MS 
1 alkaline – removal of oxide layer reconstruction of oxide layer in clean PEG200 SE-ICP-MS 
2 alkaline – removal of oxide layer reconstruction of oxide layer in PEG200 containing 5 mg/L Fe3+ SE-ICP-MS 
3 alkaline – removal of oxide layer reconstruction of oxide layer in PEG200 containing 2.5 mg/L Fe3+ SE-ICP-MS 
4 alkaline – removal of oxide layer reconstruction of oxide layer in PEG200 containing 1.3 mg/L Fe3+ SE-ICP-MS 
3. Results and discussion 
3.1. Surface extraction of mc-Si-wafers 
Analyzing the surface contaminations of silicon wafers necessitates a good understanding of the 
chemical mechanisms during the analytical procedure and of the distribution of impurities in the wafer 
surface. In this context two experiments are carried out. In the first one, wafers with three different 
surface morphologies (A-C), originating from different process steps in the wafering process, have been 
surface extracted and analysed for trace elements. The second experiment focuses on the repeated 
extraction of a wafer surface (sample B). 
The relative amount of silicon oxide on the wafer was determined by ToF-SIMS before and after the 
surface extraction like it is performed during the SE-ICP-MS experiment. Figure 2 shows the intensity of 
the SiO2 signal in a depth profile measurement by ToF-SIMS measurement. All measurements were 
performed with the same machine settings.  
 
 
Fig. 2. Depth profile measurement by ToF-SIMS of Wafer A – C before and after the surface extraction with HF-HNO3 (2%) for 30 
minutes 
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The finding is that the signal before the extraction (continuous line) depends mainly on the depth of 
saw damage. Wafer A (□) provides the full saw damage. Additional to the ideal surface this sample is 
also oxidized within the saw damage, causing the highest SiO2 signal in fig. 2. Wafer B (○) was etched 
once leading to less surface damage and consequently to less SiO2 in fig. 2. Wafer C (◊) was etched 
repeatedly. That leads to the lowest SiO2 signal. 
The signal after the extraction (dashed lines) decreases to almost zero, indicating that the oxide layer is 
completely removed as it was reported in earlier works in this field. [4, 5] But as the oxide can be of 
different thickness, for fully quantitative measurements as it is performed in this work the amount of 
extracted silicon has to be measured as well. 
In a second experiment the amounts of trace metals were measured in the initial oxide layer and in the 
silicon layer below by two consecutive surface extractions. Prior to the second measurement the sample 
was allowed to rebuild a native oxide layer in a clean environment. Figure 3 shows the results of 17 metal 
impurities. 
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Fig. 3. Metal impurities of two consecutive surface extractions with HF/HNO3. Dashed line = below LOD 
It can be seen that the concentration of metal impurities is two or three orders of magnitude higher 
within the initial oxide layer. In summary, these results lead to the conclusion, that after the sawing 
process the impurities are mainly located in the upper most silicon oxide surface layer. 
3.2. Enrichment of metal ions 
In order to figure out the origin of metallic contaminations of the wafer surface wafers 1-4 are treated 
as described above. The concentration of iron in the surface was calculated from the ratio of extracted 
silicon and iron, assuming that all dissolved silicon was in oxidation state IV (approximately 3 nm oxide 
layer). The iron concentration in the surface was compared to the concentration in the PEG. The results 
are summarized in Table 2. 
Wafer 1 was used as a reference. No iron was added to the PEG so the measured value of 2.9 ∙ 1013 
atm/cm2 turns out to be the intrinsic surface concentration of iron at this point of the process. 
Consequently the additional iron concentration in the wafer (column 4 in tab. 256), which is caused by the 
addition of iron to PEG, is set to 0.0 atm/cm³ as a reference. Using this reference the incorporation of iron 
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into the silicon surface induced by the addition of iron to the PEG was calculated. The columns in bold 
letters show the comparison of the iron concentrations in PEG and in the silicon surface. They indicate an 
enrichment of iron on the surface by a factor of 1000. 
Table 2. Iron(III) concentrations in PEG200 and in the corresponding wafer surfaces 
Wafer [Fe] in PEG200 as prepared / mg/L 
[Fe] in PEG200 
/ atoms/cm³ 
Additional [Fe] in Si 
surface / atoms/cm³ 
[Fe]surf  as measured 
/ atoms/cm² 
Si removed from 
the surface / mg 
1 0.0 (reference) 0.0 0.0  (reference) (2.9 ± 0.1) ∙ 1013 0.46 ± 0.01 
2 5.0 ± 0.1 (5.4 ± 0.1) ∙ 1016 (4.3 ± 1.3) ∙ 1019 (9.0 ± 0.2) ∙ 1013 0.57 ± 0.01 
3 2.5 ± 0.1 (2.7 ± 0.1) ∙ 1016 (3.3 ± 1.2) ∙ 1019 (7.3 ± 0.3) ∙ 1013 0.54 ± 0.01 
4 1.3 ± 0.1 (1.3 ± 0.1) ∙ 1016 (2.7 ± 1.6) ∙ 1019 (4.3 ± 0.1) ∙ 1013 0.35 ± 0.01 
 
The attraction of iron ions to the surface can be explained by electrostatic interactions. The glycol 
solutions are slightly acidic (~ pH 5) but the pH is above the isoelectric point of silicon oxide (~ pH 3) 
[6]. Thus the silicon oxide surface is negatively charged and attracts the positively charged iron ions (left 
in fig. 4). Once the iron ions are in contact with the rebuilding silicon oxide surface it can be incorporated 
into this layer by two mechanisms: 
x If the Fe3+ is electrical contacted with Si0 it will be reduced by the latter forming Fe0 (upper right in 
fig. 4). This species will be incorporated into the silicon surface and can be oxidized together with the 
surrounding silicon atoms. 
x The iron ion can form complexes with the surrounding oxygen atoms which are negatively charged or 
neutral (lower right in fig. 4). During the completion of the silicon oxide layer it will be reliable fixed 
to the wafer surface.  
Fig. 4. Proposed mechanisms for the incorporation of iron into the silicon oxide surface 
3.3. Removal of metal impurities by alkaline cleaning procedures 
The enrichment of metal ions in the wafers’ surface draws the attention to the cleaning process. To 
demonstrate the performance of an alkaline cleaning process the contamination of wafers A-C was 
measured using SE-ICP-MS (fig. 5). 
Remarkably, the surface concentrations are reduced by about one order of magnitude using a strongly 
alkaline cleaning process (A Æ B) and can be improved by another magnitude by repetition of the 
process (B Æ C). 
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Fig. 5. Reduction of metal surface concentration in the course of wafer cleaning at industrial scale 
4. Conclusion 
It is well known, that less surface concentrations of metal impurities lead to higher minority carrier 
lifetimes and higher cell efficiencies [7]. Especially for high performance solar cells this becomes more 
and more important. We could show that solved metal ions in the sawing slurry have a strong impact on 
the surface contamination of the freshly sliced wafers. Enrichment by a factor of 1000 was observed for 
iron in the silicon oxide layer. In order to minimize diffusion of metal impurities into the bulk material of 
the wafer, slurry properties, slurry recycling methods and cleaning processes have to focus on low metal 
ion concentrations. 
 Monitoring of solved metal ions is consequently not only important for cleaning baths but also for the 
slurry as this is the first fluid, which contacts the virgin silicon surface. On the other hand the 
optimization of the cleaning process is still of great importance. By using surface extraction ICP-MS we 
demonstrate the reduction of metals on the surface by one or two orders of magnitude applying an 
alkaline cleaning bath containing a detergent. 
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